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HYBRID RADAR INTEGRATED INTO
SINGLE PACKAGE

FIELD OF THE INVENTION

The invention relates to radar apparatus and methods, 1n
particular phased array radars for vehicular use.

BACKGROUND OF THE INVENTION

Radar apparatus are used on vehicles, for example, for
collision avoidance and other applications. In a conventional
digital beam forming (DBF) radar, a wide field of view 1s
irradiated, and a digital beam former 1s used to create a virtual
beam to track targets within the field of view. Another type of
radar 1s the phased array radar, which forms a real beam to
track targets.

SUMMARY OF THE INVENTION

Examples of the present invention include a hybrid radar,
using a phased array radar to create a real beam, and a digital
beam forming (DBF) approach to form narrower virtual
beams within the real beam.

A phased array radar can be implemented almost com-
pletely 1n hardware, so that digital processing demands are
very small compared to a DBF radar. A conventional phased
array requires only one mixer, so large arrays can fit easily
into a single chip. However, conventional phased array radars
do not have the advantages of complex optimization routines
used by a digital beam former. However, a conventional digi-
tal beam former conventionally has a large hardware footprint
and computational requirements limit the number of available
channels, reducing radar performance.

In examples of the present invention, aspects of the phased
array and DBF radar approaches are combined to eliminate
cach technology’s weakness by augmenting 1t with the oth-
er’s strength. In some examples, radar circuitry may be con-
tained within a single silicon chip, minimizing complexity.

An example radar apparatus includes a transmitter (which
may be a phased array transmitter), and a phased array
receiver. Each phased array element of the receiver includes
an antenna element, optional amplifier stages, and a phase
shifter. The phase shifters, recerving the antenna signals, may
be electronically controlled to steer the recerve beam to a
chosen sector of the field of view. The recerve beam may also
be referred to as areal beam, to distinguish from virtual beams
synthesized by DBF processing.

The phased array elements are grouped into subarrays,
cach subarray including at least two phased array elements.
The subarrays provide a subarray signal to an associated
mixer, the subarray signal being the combined signal from the
phased array elements within the subarray. The apparatus
includes a plurality of mixers, one mixer per subarray, each
mixer receiving the subarray signal from 1ts associated sub-
array. The mixers also recerve a local oscillator signal from a
local oscillator, and generate mixer signals provided to a
digital beam former (DBF). The DBF then synthesizes (i.e.
determines by digital processing) virtual beams within the
receive beam. A local oscillator 1s used to generate the local
oscillator signal, and an electrical interconnection arrange-
ment 1s used to convey the local oscillator signal to each
mixer.

In radar operation, an antenna controller energizes the
transmitter and steers the recerve beam (recerved by the
phased array receiver) by adjusting the phase shifters. The
phase shifters may be electromically controlled components
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that may be integrated 1nto a silicon chip. The receive beam 1s
a real beam having an angular width, which may be broad-
ened by the subarray grouping, compared to the beam of a
conventional phased array antenna. The digital beam former
determines virtual beams from the mixer signals, the virtual
beam being narrower than the real beam and located within
the angular width of the real beam. As non-limiting examples,
the real beam may be subdivided into N virtual beams, where
N may be between 2 and 4096, for example between 4 and 64.
Hence, the DBF provides super-resolution within the real
beam, aiding target identification.

The digital beam former may be provided by an electronic
control circuit, including a processor and receiving the mixer
signals. The electronic control circuit may then 1dentify tar-
gets within the radar data, for example 1n terms of range and
Doppler shift. The digital beam former may use a digital beam
forming algorithm executed by the processor. The electronic
control circuit may further be used to control the phased array
antenna, for example by energizing the transmitter and steer-
ing the phased array receiver by electronic control of the
phase shifters. In some examples, the transmitter may be a
phased array transmitter, and steered to a similar portion of
the field of view from which the recerve beam originates.

An example method of operating a radar apparatus, 1n
particular a vehicle radar, includes steering a receive beam to
a sector of the field of view using a phased array receiver,
through adjusting phase shifters in the receive antenna ele-
ments. Radar data from the sector, and a plurality of virtual
beams are determined within the receive beam using a digital
beam forming algorithm. The virtual beams each have a nar-
rower beamwidth than the recetve beam.

In an example method, the field of view 1s divided 1nto a
plurality of sectors, and the sectors are given an importance
parameter. The importance parameter may reflect various
conditions of the vehicle environment, such as the presence,
range, relative velocity, and nature of targets within the
vehicle environment. The importance parameter may be
determined using target tracking data obtained from previ-
ously collected radar data.

The receitve beam 1s steered to each sector in turn, in
descending order of importance parameter, data collected,
and the DBF algorithm executed on the data to identity the
virtual beams. The DBF algorithm i1s used to give super-
resolution over the sector corresponding to the recerve beam-
width, rather than over the whole field of view, reducing
computational demands.

The importance parameter may be revised based on the
collected data, and the process 1s repeated for the sectors. The
phased array receive antenna may include subarrays of
phased array antenna elements, each subarray having an asso-
ciated mixer receiving a local oscillator signal and a subarray
signal, the digital beam forming algorithm using output sig-
nals from the mixer to determine the plurality of virtual
beams.

Examples of the present invention include radars for

vehicle use, for example land vehicle use, including automo-
tive radar apparatus.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 (prior art) 1llustrates a traditional DBF (digital beam
forming) radar.

FIG. 2 1llustrates the concept of sectoral DBF processing.

FIG. 3 further illustrates creation of a virtual beam using
DBF techniques within the real beam of a phased array radar.
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FIG. 4 1llustrates an example received phased array, the
phased array elements being grouped into subarrays each
having their own mixer.

FIG. § 1s a further schematic of radar apparatus according,
to an example of the present mnvention.

FI1G. 6 1s a flow chart illustrating identification of the most
important sector within radar operation.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

An example radar apparatus includes a phased array
receiver with a steerable real receive beam. The phased array
receiver elements are grouped 1nto subarrays, each subarray
providing a combined subarray signal to an associated mixer.
The mixer signals are then used by a DBF algorithm to deter-
mine narrow virtual beams within the receirve beam.

The recerve beam 1s used to obtain radar data from sectors
of the field of view, and the sectors may be approximately as
wide as the receive beam. A DBF algorithm 1s used to deter-
mine high resolution virtual beams within the chosen sector.
The order 1n which sectors are examined may be determined
by the sector importance, related to the presence, nature, and
behavior of previously tracked targets. The receive beam 1s
steered by the phased array recerver to the desired sector, and
the digital beam former (e.g. provided by digital signal pro-
cessor) determines relatively narrow virtual beams within the
receive beam.

FIG. 1 illustrates operation of a traditional DBF radar.
Vehicle 10 1s equipped with the DBF radar, which illuminates
a wide field of view including nearby vehicles 14 and 12. The
triangle 16 1s a simplified representation of the field of view of
aradar. A conventional digital beam forming radar reads 1n all
data from the radar’s field of view, and computes all angles at
the same time. However, by 1lluminating the entire field of
view, noise and multiple scattering efiects can be increased,
reducing the radar’s signal to noise.

FI1G. 2 illustrates the sectoral DBF processing concept. The
vehicle 10 includes a phased array radar that produces real
beam 18. In this example the real beam field of view only
includes vehicle 14.

The hardware phase shifters or the receive antenna form a
real beam such that only a fraction of the entire field of view
of the radar 1s covered. The beam may have a larger half
power beam width than a conventional phased array radar
beam. However, the beam width 1s significantly narrower
than the entire wide field of view of the conventional DBF
radar illustrated in FIG. 1.

The real beam can be steered using conventional phased
array methods to a predetermined sector within the overall
field of view. In this example, the sectors are slices of the
whole field of view of the radar. A digital beam forming
(DBF) optimization technique 1s then used to form narrow
virtual beams within the sector. Optimization techniques may
be those already used with conventional DBF radars, such as
beam forming algorithms such as MUSIC (multiple signal
classification) and ESPRIT (estimation of signal parameters
via rotational invariant technique). However, other algo-
rithms, such as those taking advantage of semi-definite relax-
ation and combinatorics, can also be used.

FI1G. 3 shows a radar apparatus on vehicle 10 producing a
real beam 18, similar to that shown in FIG. 2, the beam
forming algorithms forming a narrower virtual beam 20
within the width of the real beam 18. The DBF algorithm may
solve for multiple virtual beams over the real beam field of
view simultaneously. The virtual beam can be significantly
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narrower than the real beam. Data may be obtained simulta-
neously from virtual beams created across the full angular
range of the real beam.

The real beam can be steered to other sectors within the
radar field of view, and for each sector corresponding virtual
beams are formed within the steered beam. In this way, high
resolution radar coverage of the vehicle environment can be
achieved.

FIG. 4 shows a configuration of phase shifters and mixers
within an example radar apparatus. FIG. 4 shows a first sub-
array including phase shifter 40 providing subarray subarray
output to mixer 42. The output of a second subarray 1s fed to
mixer 44, and the output of an arbitrary Nth subarray 1s fed to
mixer 46. A plurality of mixer outputs are obtained, and these
are fed to the mput of a digital beam forming algorithm.

In a conventional phased array, the output of all phase
shifters are grouped together and fed to a single mixer. How-
ever, 1n the configuration of FIG. 4, phase shifters are grouped
within subarrays, and the output of each subarray 1s directed
to an individual mixer. The phase shifters of each subarray are
grouped together, but the outputs of each subarray are not
grouped together. In some examples, there can be anywhere
between 2 and 128 phase shifters in each subarray, for
example between 2 and 32.

Each subarray has an associated mixer, receiving the sub-
array output, and each mixer 1s fed by a common distributed
local oscillator (LO) signal. The distributed LO signal 1is
phase and amplitude matched at each mixer input, so that the
L.O signal phase and amplitude are the same for each mixer. In
one approach, this may be achieved using branching electri-
cal connectors to give similar path lengths between the LO
generator and each input mixer. Each mixer output is sent to
an analog to a digital converter so that the beam former
algorithm can perform optimized beam forming.

In some examples, the complete device can be 1mple-
mented 1 a single chip, such as a single silicon chip, which
includes all hardware phase shifters for transmit and receive
phased array antennas, mixers, and LO distribution. Other
radar functions may also be included on the same chip.

The hardware phase shifters form areal beam, 1lluminating
or receiving signals from a sector of the radar field of view.
The radar’s field of view can be dynamically sectored based
on previous measurements. Each sector may have the width
of half the power beam width of the real radar real.

FIG. 5 1s a further schematic 1llustrating an example appa-
ratus. The apparatus includes a transmit phased array includ-
ing phased array elements such as phase shifter 50 1n electri-
cal communication with antenna radiative element 52. The
radar apparatus also includes a recerve phased array including
phased shifters such as phase shifter 54 and antenna receive
clement such as 56. There may be one or more amplifier
clements (not shown) between each phase shifter and the
associated antenna radiative or receive element.

A local oscillator 60 provides a local oscillator signal
which 1s fed to each mixer, such as mixer 58. The electrical
connection pattern 1s not shown 1n this figure, but the local
oscillator distribution network will typically be configured so
that the LO signal arriving at each mixer input has the same
phase and amplitude. Alternatively a software adjustment in
the digital processing for phase ofisets between the LO sig-
nals input to each mixer.

An electronic control circuit 62 recerves mixer signals, and
includes a processor executing the DBF algorithm. The elec-
tronic control circuit also provides electronic phase shifting
signals to the phase shifters (electrical connections not shown
for clarity), allowing transmit and receive beams to be
steered.
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As previously discussed, the phased array elements are
grouped 1nto subarrays, and each subarray output 1s fed to an
associated mixer. There 1s one mixer per subarray, so that the
number of mixers 1s the same as the number of subarrays. As
a result, a plurality of mixer outputs are obtained for a single
receive beam. The mixer outputs are then recerved by a digital
processing circuit, such as an electronic circuit including a
CPU or other processor, and used by a digital beam forming
algorithm executed by the processor to determine virtual
beams.

After the field of view 1s sliced 1nto sectors, the sectors may
then be ranked 1n their importance based on previous mea-
surements, usually as computed by a tracking filter. The beam
1s {irst steered using the phase shifters to adjust the real beam
to cover the sector with the highest rank, and then other
sectors are covered by descending order of importance. In
some examples, some sectors may be skipped if of low 1impor-
tance, before repeat coverage of the field of view. Tracking
filters may be used to predict the motion of targets across the
field of view, allowing improved importance ranking of the
sectors based on previously collected data.

For each sector, starting with the identified most important
sector, radar signals are recerved, and a virtual beam formed
within the sector using a digital beam forming algorithm
executed by a processor, such as the central processing unit
(CPU) of a computerized control system. Important signals
returning from the sector are solved for position and speed
using the optimization algorithm, and the results used to
update the tracking filters.

The real beam 1s then moved to the second highest rank
sector and the process repeated. An advantage of the
described approach 1s that the beam 1s positioned before
optimization, and this reduces the area for DBF optimization
and the digital signal processing demands. The reduced angu-
lar area under consideration saves on computing power.

The signal to noise ratio 1s increased relative to a traditional
DBF radar in which signals are recerved from the entire radar
field of view, as sources of noise are reduced. The allowable
update rate of the radar 1s also 1increased.

FIG. 6 1s a flow chart illustrating the sector ranking
approach. Box 80 corresponds to slicing the field of view mnto
N sectors. As non-limiting examples, N may be 1n the range
2-64, for example 1n the range 4-32 inclusive. Box 82 corre-
sponds to ranking sectors in importance from 1 to N. Typi-
cally this will be achieved using a tracking filter, or otherwise
achieved using previously collected data. For example, the
most 1important sector may contain the greatest number of
radar targets, the closest target, or a target 1dentified as a
collision hazard. In the absence of any previous data, the
sectors may be ranked 1n an arbitrary manner, or otherwise.
Box 84 corresponds to steering the real beam produced by the
phased array radar to the most important sector. Box 86
corresponds to reading 1n sector radar data and performing
beam forming optimization. Box 88 corresponds to updating,
the tracking filters based on the collected data. Box 90 corre-
sponds to deciding 1f this 1s the Nth sector. The process 1s
repeated for each of the N sectors, and after the process 1s
complete for all sectors, the process returns to Box 80. How-
ever, 1f not all sectors have been examined, the next most
important sector 1s then chosen at Box 84 and the process of
Box 86 and 88 repeated.

In some examples, the receive beam 1s scanned across the
field of view without identification of sector importance.

In some examples a hybrid array can be integrated into a
single chip. The mixer layout and local oscillator distribution
network are configured so that channel signals own phase and
amplitude match. Within the chip, 1solation fences (including
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conducting elements) may be used to isolate the powertul
transmit signal from the relatively low power received signal.
The chip can be realized through many different silicon based
technologies, for example but not limited to Si1Ge, BICMOS,
S1—REF, and the like. In some examples, the voltage control
oscillator itself and phase-locked loop detection circuitry
may be located on a separate chip, to reduce interference.

In some examples, the receive antenna may be dynamically
reconfigured to provide up to N separate receive beams,
where N 1s the number of mixers. If the number of real beams
1s less than N, then DBF analysis may be applied to some or
all of the real beams.

Examples of the present invention also include improved
methods and apparatus for collision avoidance during vehicle
operation. For example, the narrow virtual beams formed by
the DBF may be used to improve target 1dentification and
characterization, and the target characteristics such as range
and relative velocity may be used to trigger vehicle inputs for
collision avoidance, such as steering or brake inputs.

In some examples, the number of sectors may be dynami-
cally reconfigured. For example, if more targets are detected,
the number of sectors may be increased.

The 1mvention 1s not restricted to the illustrative examples
described above. Examples described are not intended to
limit the scope of the invention. Changes therein, other com-
binations of elements, and other applications will occur to
those skilled 1n the art.

Having described our invention, we claim:

1. An apparatus, the apparatus being a radar apparatus
comprising;

a transmitter sending out a signal;

a phased array recewver, icluding a plurality of phased
array elements configured to recetve a recerve beam,
wherein the receive beam 1s an echo of the signal,

cach phased array element including an antenna element
and a phase shifter,

the phased array elements being grouped into subarrays,
cach subarray including at least two phased array ele-
ments and providing a sub array signal;

a plurality of mixers, each mixer receiving the subarray
signal from an associated subarray,

cach mixer further receiving a local oscillator signal and
generating a mixer signal;

a digital beam former, recerving mixer signals from the
plurality of mixers;

a local oscillator, generating the local oscillator signal;

a database storing recorded tracked targets identified by the
recelve beam; and

a phased array antenna controller and a processor, the
phased array antenna controller operable to steer the
receive beam received by the phased array receiver, the
receive beam having an angular width,

the digital beam former determining a virtual beam from
the mixer signals, the virtual beam being narrower than
the receive beam and located within the angular width of
the recerve beam, the processor processing both the
database and the receive beam so as to determine a
virtual beam within the receive beam based upon the
presence and nature of a recorded target.

2. The apparatus of claim 1, the digital beam former being

provided by an electronic control circuit.

3. The apparatus of claim 2, the digital beam former being
provided by a digital beam forming algorithm executed by the
Processor.

4. The apparatus of claim 3, the digital beam forming
algorithm being selected from a group of algorithms consist-
ing of a MUSIC (multiple signal classification) algorithm and




US 9,116,227 B2

7

an ESPRIT (estimation of signal parameters via rotational
invariant technique) algorithm.

5. The apparatus of claim 1, the electronic control circuit
turther including the phased array antenna controller and

8

recerving radar data from the sector;

determining a plurality of virtual beams within the receive
beam using a digital beam forming algorithm to analyze

being operable to steer the receive beam. s the radar data,
6. The apparatus of claim 1, the transmitter being a phased the virtual beams each having a narrower beamwidth than
array tfﬂsmlﬁef ] . o ) the receive beam,
7. The apparatus of claim 1, the number of mixers bein . . . .
equal to thg Iljlumber of subarrays. . the virtual beams being used to 1dentity the radar targets;
8. The apparatus of claim 1, the apparatus being a vehicle 0 and

radar adapted for mounting on a land vehicle.

9. A method of operating a radar to 1dentily radar targets,
the radar having a receive beam generated by a return signal
of the radar, the radar further including a field of view, the

method comprising:

steering the receive beam to a sector of the field of view
using a phased array recerver;

processing the receive beam to detect a target and the
nature and behavior of the target, wherein the tracked
targets are recorded;

dividing the field of view into a plurality of sectors;

according an importance parameter to each sector of the
plurality of sectors, wherein the importance parameter 1s

15

20

steering areal beam to each sector of the plurality of sectors
in descending order of importance parameter.

10. The method of claim 9, the phased array receiver
including subarrays of phased array antenna elements,

cach subarray having an associated mixer, the associated
mixer recerving a local oscillator signal and a subarray
signal from the subarray,

the digital beam forming algorithm using output signals
from the mixer to determine the plurality of virtual
beams.

11. The method of claim 9, the radar being a vehicle radar,

determined using presence and nature and behavior of the method being a method of operating the vehicle radar.

the recorded targets; ok k% ok
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